Graphene, a two dimensional material, has attracted much attention due to its outstanding properties[@b1][@b2], such as ultrahigh mobility[@b3], mechanical strength[@b4], thermal conductivity[@b5] and transparency[@b6]. However, the zero bandgap of graphene limits its applications in electronics. Different forms of graphene such as graphene nanoribbons[@b7][@b8], bilayer graphene[@b9][@b10] and graphene oxide[@b11][@b12] have been reported to possess a bandgap. However, the typical switching ratios of the devices based on these structures is still lower than 10^3^. Recently, MoS~2~ is used to realize transistors with a large I~on~/I~off~ ratio. However, the mobility of MoS~2~ in the back gate FET structure is rather low (typically 0.5--20 cm^2^/V**·**s)[@b13][@b14][@b15][@b16]. Most recently, an important milestone is the creation of heterostructures based on graphene and other two-dimensional crystals[@b17][@b18][@b19][@b20]. L. Britnell et al.[@b18] used molybdenum disulfide as a vertical transport barrier to realize a graphene tunneling transistor with a switching ratio \~10^4^. Yu et al.[@b21] fabricated a vertically stacked heterostructure formed by MoS~2~ and graphene, which has an on-off ratio of 10^3^. Graphene-MoS~2~ heterostructures were also demonstrated to work as ultrahigh-gain[@b20] and high quantum efficiency[@b22] phototransistors. In addition, nonvolatile memory cells were made based on graphene/MoS~2~ heterostructures[@b23][@b24]. Most recently, graphene-MoS~2~ hybrid structures were demonstrated to work as multifunctional photoresponsive memory devices with a photo responsivity of up to 5 × 10^8^ A/W[@b25], which is the highest to date among the graphene-based photodetectors.

In order to form the heterojunction between graphene and MoS~2~, there are mainly two methods. One is using large-area CVD-grown graphene combined with exfoliated MoS~2~[@b26]. The other is called mechanical transfer technology[@b18] using exfoliated graphene transferred onto the exfoliated MoS~2~. Both of these methods need PMMA to assist in the transfer, which could introduce photoresist contamination. In the formation of the 2D heterojunction, the interface between graphene/MoS~2~ is key. In order to obtain a clean interface between graphene and MoS~2~, a random exfoliating method is used by first exfoliating MoS~2~ followed by exfoliating graphene. After the exfoliation, optical microscopy combined with Raman spectroscopy is used to find the desired graphene/MoS~2~ heterojunction. The main advantage of such a method is that there is no PMMA involved in the graphene/MoS~2~ heterojunction fabrication process and the interface between both layers are of pristine quality.

We report a novel field-effect Schottky barrier transistor based on graphene-MoS~2~ heterojunction (GMH), where the two-dimensional Schottky junction forms between the mechanically exfoliated graphene and MoS~2~. The combination of graphene and MoS~2~ allows for unprecedented current modulation of \~1 × 10^5^ at room temperature and a high mobility up to 58.7 cm^2^/V**·**s. A MoS~2~-graphene-MoS~2~ FESBT based on two GMHs is also demonstrated, which has an ability to rectify a current by changing the gate voltage. Our FESBT is fundamentally different from the conventional Schottky barrier FETs[@b27][@b28]. In our device, the Fermi level of graphene is tunable by gate voltage since the graphene is a semi-metal with a low density of states[@b29]. As a result, the Schottky barrier height between graphene and MoS~2~ can be modulated. In contrast, the work function of the metal in conventional Schottky barrier FETs is not tunable by field effect. Our device is also quite different from the graphene-MoS~2~-graphene tunneling transistors[@b18]. In Ref. [@b18], the graphene-MoS~2~-graphene device is a kind of tunneling transistor in which the MoS~2~ serves as a barrier layer between two graphene layers. Since both graphene and MoS~2~ are single-layer, it is easy to observe the tunneling effect. However, in our device, the MoS~2~ and graphene layers are thicker (larger than five layers). As a result, the few-layer MoS~2~ and graphene can form the Schottky junction with the depletion layer in MoS~2~. In this paper, several important observations are reported. Firstly, a large modulation of the device current (on/off ratio of 10^5^) is achieved by adjusting the back gate voltage (through 300 nm SiO~2~) to control the graphene/MoS~2~ Schottky barrier. Secondly, theoretical analysis shows that the subthreshold swing of FESBT can be as low as 40 mV/dec, overcoming the limitation of 60 mV/dec present in conventional field-effect transistors[@b30]. This is a breakthrough in field-effect transistors. Thirdly, a high mobility up to 58.7 cm^2^/V**·**s is achieved, which is higher than previously reported back-gated MoS~2~ transistors. Finally, a novel MoS~2~-graphene-MoS~2~ FESBT is also demonstrated which has an ability to rectify a current by changing the gate voltage. This shows the concept that we can switch between "diode" and "resistor" easily, which could pave the way for various applications in electronics systems.

Results
=======

A gate controlled graphene-MoS~2~ heterojunction
------------------------------------------------

[Figure 1a](#f1){ref-type="fig"} illustrates the schematic structure of a FESBT device. The contact between graphene and MoS~2~ forms a Schottky junction, which is the core part of the device. The drain electrode is connected to MoS~2~ to apply bias voltage (V~d~), while the source is grounded with graphene. The fabrication and basic characterization procedures of FESBT are described briefly. At first, few-layers MoS~2~ and graphene flakes were in turn mechanically exfoliated onto N^+^ doped silicon substrates covered with 300-nm-thick SiO~2~. Raman spectroscopy was performed to confirm the locations of graphene and MoS~2~, as well as their junctions ([Figure 1b](#f1){ref-type="fig"}). Subsequently, the metal contacts to MoS~2~ and graphene were fabricated using electron beam lithography and electron beam evaporation of Cr/Au (10 nm/50 nm) ([Figure 1c](#f1){ref-type="fig"}). The thicknesses of MoS~2~ and graphene are \~8 nm and \~3 nm respectively, as determined by AFM measurements in [Figure 1d](#f1){ref-type="fig"}. The overlapping area of MoS~2~ and graphene is about 1 μm^2^.

The forward characteristics at a low bias voltage show a diode ideality factor of \~1.1 ([Figure 2a](#f2){ref-type="fig"}). When the bias voltage is ramped from 0 to 0.05 V, the current increases by three orders of magnitude. This indicates that the measured current may be due to tunneling between graphene and MoS~2~. Moreover, such a low threshold voltage (V~th~ \~ 0.14 V) of GMH is promising for low-voltage operation. [Figure 2b](#f2){ref-type="fig"} shows the output characteristics (I~d~-V~g~) at different gate voltages (V~g~). These results show a pronounced increase in conductance with increasing V~g~. The change of the current flow is due to the modification of Schottky barrier height by gate voltage. The transfer characteristics at different drain voltages is shown in [Figure 2c](#f2){ref-type="fig"}. For the FESBT the largest current density is about 2,400 A/cm^2^ obtained with V~g~ = 40 V and V~d~ = 1 V. The transfer curve in [Figure 2d](#f2){ref-type="fig"}, plotted on a log scale, shows that the FESBT exhibits a \~10^5^ on-off ratio with the gate voltage ranging from −40 V to 40 V. Note that a 300-nm-thick SiO~2~ is used as back gate oxide in our device. As shown in [figure S3](#s1){ref-type="supplementary-material"}, the on/off ratio of the GMH device (10^5^) is much higher than that of the same MoS2 flake (944) used in our device. Accordingly, we conclude and emphasize that the Schottky junction is responsible for the higher on/off ratio. The ability of the gate control as well as the subthreshold swing (SS) should be further enhanced if a thinner oxide or high-κ dielectric is introduced, which will be discussed later in more detail. We estimate the field effective mobility of FESBT by , where L, W, C~ox~ and g~m~ are the channel length, width, gate capacitance per area, and the transconductance that is defined by at a constant V~d~, respectively. Note that since both MoS~2~ and graphene were obtained by mechanical exfoliation, the shapes are irregular. As shown in [Figure 1d](#f1){ref-type="fig"}, we evaluated the channel length (L) to be 1.3 μm and the width (W) to be 600 \~ 900 nm. The error bars are used for mobility extraction. To benchmark the performance of FESBTs, the electrical measurement results for the transistors based on pristine graphene and MoS~2~ flakes are shown in [Figures S1 \~ S4](#s1){ref-type="supplementary-material"} in the [supporting information](#s1){ref-type="supplementary-material"}. Interestingly, the mobility values for the transistors based on pristine graphene and MoS~2~ flakes are around 179.7 and 6.5 cm^2^/V**·**s, respectively. Here the mobility of the transistors based on the MoS~2~ flakes is significantly lower than the 58.7 cm^2^/V**·**s mobility of the FESBT device. It has been widely reported that MoS~2~ is a n-type material, which is corroborated by the high threshold voltage \~18 V as shown in [Figure S3](#s1){ref-type="supplementary-material"}, where the current has not saturated even at V~g~ = 40 V. This is unfavorable for the operation of logic electronics and the mobility extracted from the linear regime could be underestimated. We notice that the threshold voltage of a FESBT is shifted to a negative gate voltage. The core of our device is laid on the Schottky junction and the current modulation is implemented through the sufficient control of the Schottky barrier height. The shift of the threshold voltage is attributed to the new working principle of our device.

A gate controlled MoS~2~-Graphene-MoS~2~ heterojunction
-------------------------------------------------------

A novel MoS~2~-graphene-MoS~2~ FESBT (MGM-FESBT) is also demonstrated, which has an ability to rectify a current by changing the gate voltage. As shown in [Figure 3a](#f3){ref-type="fig"}, the structure of the MGM-FESBT consists of two GMHs. Optical microscopy ([Figure 3b](#f3){ref-type="fig"}) and AFM images ([Figure 3c](#f3){ref-type="fig"}) show the structure of the MGM heterojunction. The thicknesses of the two MoS~2~ flakes are 40 nm and 24 nm, respectively. The graphene flake is 28 nm thick. The electrical characteristics of the two MoS~2~-graphene junctions show some differences ([Supporting Figure S5](#s1){ref-type="supplementary-material"}) due the difference of thicknesses of MoS~2~ in two GMHs. The working principle of the MGM-FESBT can be described as follows. A large amount of electrons inject from the drain terminal to MoS~2~ and then drift into the graphene. Due to the schottky barrier between MoS~2~-graphene and the recombination with holes in graphene, only a fraction of the injected electrons can pass through the graphene and be collected by the MoS~2~ at the source terminal. As the work function of the graphene is tunable by the gate voltage, the Schottky barrier between MoS~2~-graphene could be tuned from the gate to improved contact. [Figure 3d](#f3){ref-type="fig"} shows the current vs. bias voltage characteristics of MGM-FESBT at various V~gate~. The black arrow indicates the direction of increasing V~gate~. It indicates that the lower gate voltage can lead to a higher Schottky barrier height between MoS~2~ and graphene. [Figure 3e](#f3){ref-type="fig"} shows the current vs. gate voltage characteristics of a MGM-FESBT at various V~bias~. [Figure 3f](#f3){ref-type="fig"} demonstrates that the barrier property of a MGM-FESBT is tunable by V~gate~. At V~gate~ = −10 V, the Schottky contact is formed in the MGM. After the gate voltage is increased to 42 V, the contact barrier is lowered. This means that the MGM can realize a "diode" to "resistor" transition easily, which may open a wide application space in next generation electronics.

Discussion
==========

The graphene-MoS~2~ heterojunction is the core of FESBT devices. In order to fundamentally understand the physics of the heterojunction, a theoretical model is established. As illustrated in [Figure 4a](#f4){ref-type="fig"}, the model consists of three parts: a Schottky junction formed by the GMH and two resistors connected with the source and drain terminals. The electrical performance of our device is mainly dependent on the heterojunction. In this case, the lateral transport is the dominant factor, suggesting that the resistance of this uniform junction is scaled with L~junction~/W~junction~. Therefore, the junction could also be regarded as an artificial thin film FET. These two resistors are included to consider the resistances of graphene and MoS~2~ between the junction and source/drain electrodes. Here MoS~2~ is considered as a thin bulk material, and the drop of electric potential in graphene is ignored since it has only several layers. The integral of electric field along the path perpendicular to the plane equals to the difference of work function between MoS~2~ and gate, assuming that the electric field is constant in graphene and MoS~2~, respectively. where , , , and V~ch~ are the electric field, the thicknesses of the oxide and MoS~2~, the difference of the work functions between MoS~2~ and gate electrode, and the channel potential of graphene. The electric field is consistent at the interface between the oxide and the MoS~2~, where is the relative dielectric constant of the oxide and the MoS~2~. As the electric field penetrates into graphene, it induces free charges, so we obtain where e and n~2D~ are electron charge and two-dimensional carrier density in graphene.

For a given Schottky barrier height, assuming only thermionic current for simplicity, the current flow through graphene-MoS~2~ heterojunction is evaluated by where S is the effective area of the junction, T is the absolute temperature, ϕ~B~ is the Schottky barrier modulated by the gate voltage, η is the ideality factor that was extracted from experiments in [Figure 2a](#f2){ref-type="fig"}, and A^\*^ is the Richardson constant, which is expressed by where h is the Plank constant, and m~x~ and m~y~ are the effective masses of electrons. Note that two series resistors of MoS~2~ and graphene adjusted by field effect are also included in our model. The detailed discussion about the model is shown in the [supporting information](#s1){ref-type="supplementary-material"}.

By solving [eq. (1)](#m1){ref-type="disp-formula"}, [(2)](#m2){ref-type="disp-formula"} and [(3)](#m3){ref-type="disp-formula"} above, the Schottky barrier height is obtained at different back gate bias and zero drain voltage. In [Figure 4b](#f4){ref-type="fig"}, it can be seen that the large range of this energy barrier from 0.23--0.57 eV is the main mechanism for gate modulation. In order to demonstrate the validity of this model, the theoretical results are compared with the experimental results, as shown in [Figure 4c](#f4){ref-type="fig"}. Based on this model, we analyze the performance of the FESBT by adjusting the thickness of the oxide and the dielectric constant of the oxide of the device (in the model). As illustrated in [Figure 4d](#f4){ref-type="fig"}, if the effective oxide thickness (EOT) is reduced from 3 nm to 0.39 nm (currently the smallest EOT), the SS factor could be improved from 79 mV/decade to 40 mV/decade, exceeding the limitation of conventional CMOS devices (60 mV/decade). As the operation of convensional transistors is based on the thermionic emission, the sub-threshold swing should not be lower than 60 mV/decade. At present, the only way to realize sub-threshold swing lower than 60 mV/decade is through the tunneling transistor. In our case, since the Schottky junction with depletion layer in MoS~2~ is thin, there is partly a tunneling effect where the carriers pass through the graphene/MoS~2~ thin Schottky barrier. Moreover, the Schottky barrier (tunneling barrier) could be controlled by the gate voltage, which can realize such a low sub-threshold swing of 40 mV/decade (see [supporting information](#s1){ref-type="supplementary-material"}). This interesting result provides useful insights for the future development of FESBT devices. By reducing the thickness of the gate oxide or introducing high-κ dielectric as the gate oxide, the ability of gate control could be greatly enhanced. Additionally, since the lower SS factor offers a sharper turn-on performance for logic circuits, the potential use of FESBT devices seems promising in low-power applications in future electronics. In [Figure 4e and 4f](#f4){ref-type="fig"}, we present the extracted mobility as a function of the gate voltage and barrier height, where the error bars for each gate voltage is plotted based on the maximum and minimum values of the junction width.

Based on the above analysis, a clearer working principle may be proposed for our FESBT. The energy level alignment of the FESBT with Si/SiO~2~/MoS~2~/Graphene structure is shown in [Figure 5a](#f5){ref-type="fig"}. Since the affinity energy of MoS~2~ (4.15 eV) is smaller than the work function of the Graphene (4.5 eV), the Schottky junction can form. [Figure 5b](#f5){ref-type="fig"} \~ 5d shows how electrons transport through the graphene-MoS~2~ Schottky junction in response to the modulation by the gate voltage. As shown in [Figure 5b](#f5){ref-type="fig"}, there is a built-in voltage between Si and MoS~2~ after Fermi-level alignment, which could induce dipoles in the oxide. Applying a positive voltage to the gate induces electrons in graphene ([Figure 5c](#f5){ref-type="fig"}), raising its Fermi level and thus decreasing the Schottky barrier height. When a negative voltage is applied to the gate ([Figure 5d](#f5){ref-type="fig"}), it could induce holes in graphene and decrease its Fermi level, leading to the increase in Schottky barrier height. As for the working principle of the MGM-FESBT, the MoS~2~-graphene-MoS~2~ can be modeled as two Schottky junctions connected back to back. The band diagrams are illustrated in [Figures 5e and 5f](#f5){ref-type="fig"}. When applying a low gate voltage, the Schottky barrier heights for both junctions are large. One of the Schottky junctions is positively biased, and the other is negatively biased. The current is suppressed by the negatively biased one. So the device behaves like a Schottky junction under reverse bias. When applying a higher gate voltage, the Fermi level of graphene rises and the energy barriers of two junctions decrease. Thus the conductance becomes much higher, which makes the device with "improved contact".

In order to show the advance of our FESBT, the mobility and on/off ratio of the back-gated MoS~2~ transistors[@b16][@b31][@b32][@b33][@b34], graphene transistors[@b35][@b36][@b37] and FESBT are compared in [Figure 6](#f6){ref-type="fig"}. The references are selected based on their reliability and similarity to the structure of our device. Especially, we use back-gated MoS~2~ transistors for comparison. Kaasbjerg et al.\'s work found that the mobility of MoS~2~ at room temperature is limited down to \~410 cm^2^/V**·**s due to optical phonon scattering[@b38]. Additionally, some previous works investigated high-κ dielectric as top gate oxide, which has improved the mobility significantly[@b39]. The reason for the improvement of the MoS~2~ mobility was due to the introduction of "imaginary charges" to suppress the scattering potential[@b40] and high-κ dielectric which enhanced the screening of impurity charges[@b39]. In order to compare with works in which a similar device structure is employed, we select the references in [Figure 6](#f6){ref-type="fig"} that only adopts SiO~2~ as a back gate dielectric. Our FESBT has a mobility up to 58.7 cm^2^/V**·**s with an on/off ratio of 10^5^. Although the mobility of the graphene could be up to 10^5^ cm^2^/V**·**s, the drawback of graphene transistors is the low on/off ratio (typically lower than 10). Most recently, MoS~2~ is developed to realize ultra-high on/off ratio up to 10^8^. But the state-of-the-art mobility of MoS~2~ is still lower than 20 cm^2^/V**·**s. FESBT devices occupy a trade-off space between high mobility and considerable on-off ratio, which are separately realized by graphene transistors and MoS~2~ transistors in previous works. Also as a two-dimensional device, FESBT has potential in high-performance flexible electronics. Combining these advantages together with its predictable low subthreshold swing, FESBT devices should have opportunities in next-generation electronics for low-voltage, low-power and flexible applications.

Conclusion
==========

In summary, we have demonstrated that a heterojunction of graphene and MoS~2~ acts as an ideal vertical Schottky barrier, which can be tunable by field effect. The on/off ratio is as high as 10^5^ with a mobility up to 58.7 cm^2^/V**·**s, which could meet the requirement for integrated circuit logic applications. Furthermore, the subthreshold swing is not limited by the 60 mV/decade conventional FET limit, since the field-effect Schottky barrier transistor (FESBT) has a different mechanism of gate control. A MoS~2~-graphene-MoS~2~ FESBT based on two GMHs is also demonstrated, which has an ability to rectify the current by changing the gate voltage. As the barrier is formed vertically, our devices could also be laterally scaled and are well-suited for low-power applications.

Experimental Section
====================

Device fabrication
------------------

Few-layer MoS~2~ and graphene flakes were in turn exfoliated on to 300-nm-thick SiO~2~ on N^+^ doped silicon substrate as the back-gate structure. The contacts to MoS~2~ and graphene were subsequently fabricated using electron beam lithography and electron beam evaporation of Cr/Au metal (10 nm/50 nm).

Characterization
----------------

The optical image is captured using a VH-8000 microscope (KEYENCE Inc.). Raman spectroscopy is performed using a laser with a wavelength of 514.5 nm (HORIBA Inc.). The AFM images are obtained in tapping mode by using Esweep (Seiko Inc.).

Transport measurements
----------------------

The I--V characteristics of the FESBT were measured by a standard probe station (Agilent Inc. B1500) at room temperature (300 K).
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![A gate controlled graphene-MoS~2~ heterojunction (GMH).\
(a) A schematic diagram to show the field-effect Schottky barrier transistor (FESBT) device structure of the gate controlled GMH. (b) The Raman spectrum of the GMH, confirming the formation of the heterojunction between micromechanical exfoliated graphene and MoS~2~. The inset shows the laser spot (Red dot) located at the GMH. (c) Optical image of the GMH after the electrode fabrication process. The electrical contacts on MoS~2~ and graphene were fabricated by electron beam lithography and electron beam evaporation of Cr/Au (10 nm/50 nm). (d) AFM image of the GMH. The MoS~2~ is \~8 nm and graphene is \~3 nm. The graphene is partly folded. The inset shows the graphene-MoS~2~ heterojunction with 1 μm^2^ area.](srep05951-f1){#f1}

![The experimental results of the gate controlled GMH.\
(a) Current vs. bias voltage characteristic of a GMH (V~gate~ = 0), showing a Schottky diode characteristic with \~1.1 ideality factor. (b) The current vs. bias voltage characteristics of GMH at various V~gate~. The black arrow indicates the direction of increasing V~gate~. (c) The current vs. gate voltage characteristics of GMH at various V~bias~. The black arrow indicates the direction of increasing V~bias~. (d) The forward bias current as a function of V~gate~. A unipolar control of forward current with the ratio of 10^5^ is obtained.](srep05951-f2){#f2}

![The experimental results of the MoS~2~-Graphene-MoS~2~ FESBT (MGM-FESBT).\
(a) Schematic structure of the MGM-FESBT based on two graphene-MoS~2~ heterojunctions. (b) Optical image of the MGM heterojunction with few-layer MoS~2~ film and few-layer graphene film deposited onto a 300 nm SiO~2~/Si substrate. (c) AFM image of the MGM heterojunction. (d) The current vs. bias voltage characteristics of MGM-FESBT at various V~gate~. The black arrow indicates the direction of increasing V~gate~. (e) The current vs. gate voltage characteristics of MGM-FESBT at various V~bias~. (f) The current vs. bias voltage characteristics demonstrating how current can be rectified by changing V~gate~.](srep05951-f3){#f3}

![The theoretical model of the gate controlled GMH.\
(a) The schematic structure of the gate controlled GMH. The MoS~2~ is sandwiched between the graphene and the SiO~2~. (b) The Schottky barrier height obtained from different gate bias by solving the Poisson equation. Large (0.34 eV) Fermi level shift is obtained by −40 to 40 V gate control. (c) The simulations (Lines) and experiments (Points) of the FESBT. (d) Theoretical analysis showing that the subthreshold swing of FESBT overcomes the limitation of 60 mV/dec of conventional FET. (e) The mobility vs. the V~gate~ showing a maximum mobility of 58.7 cm^2^/V**·**s. The mobility is induced from the experimental results in [Fig. 2c](#f2){ref-type="fig"} at 0.1 V bias. (f) The mobility vs. the Schottky barrier height showing that the maximum mobility is obtained at a barrier height of 0.26 eV.](srep05951-f4){#f4}

![The energy band diagrams for GMH and MGM.\
(a) Schematic view of the energy level alignment of the FESBT with Si/SiO~2~/MoS~2~/Graphene structure. (b) Schematic band diagrams of GMH with V~gate~ = 0. (c) Schematic band diagram of GMH with V~gate~ \> 0. Applying a positive voltage on the gate induces electrons in graphene, decreasing its work function and the Schottky barrier height. (d) Schematic band diagrams of GMH with V~gate~ \< 0. Applying a negative voltage on the gate induces holes in graphene, lowering its Fermi level and increasing the Schottky barrier height. Panels (e) and (f) show the energy diagram of the MGM under different gate voltages. When a higher gate voltage is applied, it induces more charges in graphene, due to which the Fermi level rises. Thus the energy barrier between graphene and MoS~2~ decreases and the conductance increases. In this way, the current flow is modulated by the gate voltage.](srep05951-f5){#f5}

![Comparison of our FESBT with state-of-the-art graphene transistors and back-gated MoS~2~ transistors.\
The graphene transistors have a high mobility but quite a low on/off ratio. The MoS~2~ transistors have a high on/off ratio but quite a low mobility. The FESBT combines the qualities of high mobility from graphene and high on-off ratio from MoS~2~.](srep05951-f6){#f6}
